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A search for the Standard Model Higgs boson is presented in H → WW (∗) → ``′ (`, `′ = e, µ, τ )
decays in pp collisions at a center-of-mass energy of

√
s = 1.96 TeV. Final states containing either

two electrons e+e−, an electron and a muon e±µ∓ or two muons µ+µ− have been considered.
The data sample used in this analysis has been collected between June 2006 and July 2007 by the
DØ detector during Run IIb of the Fermilab Tevatron collider and corresponds to an integrated
luminosity of 1.2 fb−1. No significant excess above the background has been observed, and upper
limits on the production cross section times branching ratio σ × BR(H → WW (∗)) are presented
on the combination of the three channels. Finally, these analyses are combined with the previous
ones performed with Run IIa data.
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I. INTRODUCTION

In the Standard Model (SM), the Higgs boson is crucial to the understanding of electroweak symmetry breaking
and the mass generation of electroweak gauge bosons and fermions. Direct searches at the CERN e+e− collider
(LEP) yield a lower limit for the Higgs boson mass of mH > 114.4 GeV [1] at 95% confidence level (CL). Indirect
measurements via fits to the electroweak precision data give an upper bound of mH < 182 GeV [2] at 95% CL when
taken together with the direct lower limit.

In this note a search for Higgs bosons decaying to the WW (∗) final state in the DØ experiment at the Tevatron is
presented. To achieve a good signal-to-background ratio, the leptonic decay modes H → WW (∗) → ``′ (`, `′ = e, µ, τ)
are considered, leading to final states containing either two electrons e+e−, an electron and a muon e±µ∓, or two
muons µ+µ−, and missing transverse momentum (E/ T ). (The τ must decay leptonically to either a muon or electron
in order to contribute.) This decay mode provides the largest sensitivity for the SM Higgs boson search at the
Tevatron at a Higgs boson mass of mH ∼ 160 GeV [3–5]. If combined with searches exploiting the WH and ZH
associated production, this decay mode also increases the sensitivity for the Higgs boson searches in the low mass
region, mH ∼ 120 GeV.

Upper limits on the H → WW (∗) → ``′ cross section times branching ratio from the previous Run IIa data set have
already been presented in Ref. [6, 7]. In the present analysis, the most recent DØ data available is analyzed, from
Run IIb. Upper limits on σ(H) × BR(H → WW (∗)) are presented using the combination of these three di-lepton
channels. Finally, the analyses are combined with the previous Run IIa analyses.

II. DØ DETECTOR

We briefly describe the main components of the DØ Run II detector [8] important to this analysis. The central
tracking system consists of a silicon microstrip tracker (SMT) and a central fiber tracker (CFT), both located within
a 2.0 T axial magnetic field. The SMT strips have a typical pitch of 50–80 µm, and the design is optimized for
tracking and vertexing over the pseudorapidity range |η| < 3, where η = − ln (tan θ

2 ) with polar angle θ. The system
has a six-barrel longitudinal structure, with each barrel a set of four silicon layers arranged axially around the beam
pipe, interspersed with sixteen radial disks. In addition, a new layer of silicon (Layer 0) has been added just outside
the beampipe for Run IIb. The CFT has eight thin coaxial barrels, each supporting two doublets of overlapping
scintillating fibers of 0.835 mm diameter, one doublet parallel to the beam axis, the other alternating by ±3◦ relative
to the beam axis.

A liquid-argon/uranium calorimeter surrounds the central tracking system and consists of a central calorimeter
(CC) covering to |η| ≈ 1.1, and two end calorimeters (EC) extending coverage for |η| < 4.2, each housed in separate
cryostats [9]. Scintillators between the CC and EC cryostats provide sampling of showers for 1.1 < |η| < 1.4.

The muon system is located outside the calorimeters and consists of a layer of tracking detectors and scintillation
trigger counters inside toroid magnets which provide a 1.8 T magnetic field, followed by two similar layers behind
each toroid. Tracking in the muon system for |η| < 1 relies on 10 cm wide drift tubes [9], while 1 cm mini-drift tubes
are used for 1 < |η| < 2 [10].

III. DATA AND MC SAMPLES

The data sample used in this analysis has been collected between June 2006 and July 2007 (Run IIb) by the
DØ detector at the Fermilab Tevatron collider at

√
s = 1.96 TeV, corresponding to an integrated luminosity of

1.2±0.07 fb−1. For the ee (µµ) final state, the normalization is a factor that scales the NNLO Z/γ∗ → ee (µµ) cross
section to the data in the mass region 60< M`` <130 GeV. For the eµ final state, the simulations are normalized by
the factor needed to scale the mass distribution from the NNLO Z/γ∗ → ττ cross section to data. Data/MC electron
and muon correction factors were applied to MC before normalization factors were measured. The estimated data
samples were found to be consistent with the measurement of 1.2 fb−1 from the luminosity system within ±5%. Some
systematic uncertainties, coming from the luminosity determination or data/MC correction factors are canceled by
using such a normalization procedure.

The signal and SM background processes have been simulated with Pythia 6.323 [11] (except for W/Z+jets in the
µµ channel, where ALPGEN [12] is used instead) using the CTEQ6.1M [13] parton distribution functions, followed
by a detailed geant-based [14] simulation of the DØ detector. The Z/γ∗ → `` cross section is calculated with
CTEQ6.1M PDFs as σ(Z/γ∗ → ``) = σLO × KQCD(Q2), with the LO cross section calculated by Pythia LO PDF
and the KQCD at NNLO with NLO PDF, calculated according to [15, 16]. The cross section times branching ratio of
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Z/γ∗ → `` production in the invariant mass region 60 GeV < Mll < 130 GeV is σ × BR = 241.6 pb. The Z + jets
events are also re-weighted to the Z pT distribution observed in data.

The W → lν background level is calculated with NNLO corrections and CTEQ6.1M as listed in [16]. For inclusive
W boson production with decays into a single-flavor lepton state this value is σ × BR = 2583 pb. The calculations
of Ref. [17] are used for tt̄ production with σ × BR = 0.076 pb with single-flavor lepton decays of both W bosons.
The NLO WW , WZ and ZZ production cross section values are taken from Ref. [18] with σ×B = 0.15 pb for WW ,
σ × B = 0.014 pb for WZ and σ × B = 0.002 pb for ZZ production with decay into a single-flavor lepton state.

The background due to multijet production (called QCD fakes), when jets are misidentified as leptons, is determined
from the data. A sample of like-sign di-lepton events is used in the µµ channel, corrected for like-sign contributions
from other processes. The other channels use events with inverted lepton quality cuts, corrected to match the
normalization and kinematics determined in the like-sign data.

IV. EVENT SELECTION

The H → WW (∗) → ``′ (`, `′ = e, µ, τ) candidates are selected by triggering on single or di-lepton events using a
three level trigger system. The first trigger level uses hardware to select electron candidates based on energy deposition
in the electromagnetic part of the calorimeter and muon candidates formed by hits in the muon system. Later versions
of the trigger also require a high pT central track reconstructed in the CFT by the specialized central track trigger
(CTT). Digital signal processors in the second trigger level form muon track candidate segments defined by hits in
the muon drift chambers and scintillators, as well as match lepton candidates to a more precise central track using
additional SMT hits reconstructed by the silicon track trigger (STT). At the third level, software algorithms running
on a computing farm and exploiting the full event information are used to make the final selection of events which
are recorded.

In the further offline analysis, electrons are identified by using calorimeter and tracking information. Electromag-
netic showers are identified in the calorimeter by comparing the longitudinal and transverse shower profiles to those
of simulated electrons. The showers must be isolated, deposit most of their energy in the electromagnetic part of the
calorimeter and pass a likelihood criterion that includes a spatial track match and, in the central detector region, an
E/p requirement, where E is the energy of the calorimeter cluster and p is the momentum of the track. Electrons
must be reconstructed within a detector pseudorapidity |η| < 3.0. The transverse momentum measurement of the
electrons is based on calorimeter cell energy information. An electron likelihood is used to further enhance the purity
of the electron sample and to reduce the rate of jets misidentified as electrons.

Muon tracks are reconstructed from hits in the wire chambers and scintillators in the muon system and must match
a track in the central tracker. To select isolated muons, the scalar sum of the transverse momentum of all tracks, other
than that of the muon, in a cone of R = 0.5 around the muon track is calculated, where R =

√

(∆φ)2 + (∆η)2 and φ
is the azimuthal angle. The transverse energy deposited in the calorimeter in a hollow cone of 0.1 < R < 0.4 around
the muon is also measured. In the eµ final state, both quantities are required to be < 2.5 or 4.0 GeV, depending on
the Higgs mass. In the µµ final state, the sum of the variables divided by the muon pT (scalediso) is required to be
< 0.4 (0.5) for the leading (trailing) muon, and their product < 0.06. Muons are restricted to the fiducial coverage
of the muon system |η| < 2.0. Muons from cosmic rays are rejected by requiring a timing criterion on the hits in
the scintillator layers as well as applying restrictions on the position of the muon track with respect to the selected
primary vertex.

In all final states, two leptons originating from the same primary vertex are required to be of opposite charge. They
must have pe

T > 20 GeV for the leading electron and pe
T > 15 GeV for the trailing one in the ee channel, pe

T > 15 GeV
for the electron and pµ

T > 10 GeV for the muon in the eµ final state and pµ
T > 10 GeV for the leading and trailing

muons in the µµ final state. In addition, the di-lepton invariant mass is required to exceed 15 GeV. This stage of the
analysis is referred to as “pre-selection”.

At this stage, the background is dominated by Z/γ∗ production which is suppressed by requiring missing transverse
energy. Events are further removed if the E/ T could have been produced by a mis-measurement of jet energies. The
fluctuation in the measurement of jet energy in the transverse plane can be approximated by ∆E jet · sin θjet where

∆Ejet is proportional to
√

Ejet. The opening angle ∆φ (jet, E/ T ) between this projected energy fluctuation and the
missing transverse energy provides a measure of the contribution of the jet to the missing transverse energy. The
scaled missing transverse energy is defined as:

E/
Scaled
T =

E/ T
√

∑

jets (∆Ejet · sin θjet · cos∆φ (jet, E/ T ))
2

(1)
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The minimal transverse mass is defined as:

Mmin
T (l, E/ T ) =

√

2pl
T E/ T (1 − cos∆φ(l, E/ T )) (2)

and is required to be large in order to suppress background where the E/ T is coming from mis-measured lepton energy.
Z/γ∗ boson and multi-jet events can be rejected with a cut on the opening angle ∆φ``, since most of the background
decays are back-to-back. This is not the case for Higgs boson decays because of the spin correlations from the scalar
decay. Finally, tt events are further rejected by a cut on HT , the scalar sum of the pT of good jets in the event.

Many selections are Higgs mass and final-state dependent and optimized to further suppress contributions from
Z/γ∗, di-boson (WW, WZ, ZZ), W (→ `ν) + jets, and multijet backgrounds. Figure 1 shows the invariant ee mass,

E/ T , E/
Scaled
T , Mmin

T ,
∑

pT = pe1

T +pe2

T +E/ T , and HT distributions in data, backgrounds, and signal at pre-selection,
for the ee channel. Table I shows the cuts used for a selection of Higgs masses in the ee channel; cuts were optimized
for each Higgs mass in 10 GeV steps. Figure 2 shows the comparison between data and MC for the invariant mass of
the eµ system and for the missing transverse energy at the pre-selection level, for the eµ channel. Further cuts have
been optimized for each Higgs mass in the eµ channel, and a sample of them are given in Table II. Figure 3 shows the
comparison between data and Monte Carlo for the invariant mass of the µµ system and the missing transverse energy
at the pre-selection level, for the µµ channel. The same cuts were found to be optimal for all Higgs masses in the µµ
channel, as shown in Table III. Table IV shows the number of expected and observed events after pre-selection and
final selections (the NN input stage), for all three channels.

Selection criteria mH = 115 GeV mH = 160 GeV mH = 200 GeV

Cut 0 Pre-selection lepton ID, leptons with opposite charge
and pe1

T > 20 GeV and pe2

T > 15 GeV
invariant mass Mee > 15 GeV

Cut 1 Missing Transverse Energy E/
T

(GeV) > 20 > 20 > 20

Cut 2 E/ Scaled
T

> 6 > 7 > 7

Cut 3 Mmin
T (`, E/

T
) (GeV) > 35 > 50 > 50

Cut 4 Sum of p`
T + p`′

T + E/
T

(GeV) 80-120 90-160 120-200

Cut 5 Invariant mass Mee (GeV) < 40 < 70 < 75

Cut 6 HT (GeV) < 50 < 80 < 80

Cut 7 ∆φ(e1, e2) < 2.5 < 2.0 < 2.0

TABLE I: Summary of the selection criteria for various Higgs masses in the ee channel.

Selection criteria mH = 115 GeV mH = 160 GeV mH = 200 GeV

Cut 0 Preselection lepton ID, leptons with opposite charge
and pe

T > 15 GeV and pµ
T > 10 GeV

invariant mass Meµ > 15 GeV
Cut 1 Missing Transverse Energy E/

T
(GeV) > 20 > 20 > 20

Cut 2 E/ Scaled
T

> 7 > 7 > 7

Cut 3 Mmin
T (`, E/

T
) (GeV) > 45 > 65 > 65

Cut 4 Invariant mass Meµ (GeV) < 60 < 80 < 100

Cut 5 HT (GeV) < 70 < 70 < 70

Cut 6 ∆φ(e, µ) < 1.25 < 2.5 < 2.5

TABLE II: Summary of the selection criteria for various Higgs masses in the eµ channel.
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Selection criteria mH = 115 GeV mH = 160 GeV mH = 200 GeV

Cut 0 Preselection lepton ID, leptons with opposite charge
and pµ1

T > 10 GeV and pµ2

T > 10 GeV
invariant mass Mµµ > 15 GeV

Cut 1 Missing Transverse Energy E/
T

(GeV) > 20 > 20 > 20

Cut 2 E/ Scaled
T > 5 > 5 > 5

Cut 3 Mmin
T (`, E/

T
) (GeV) > 20 > 20 > 20

Cut 4 ∆φ(µ, µ) < 2.5 < 2.5 < 2.5

TABLE III: Summary of the selection criteria for various Higgs masses in the µµ channel.

ee pre-selection ee final eµ pre-selection eµ final µµ pre-selection µµ final
Z → ee 48785 ± 123 0.8 ± 0.6 138 ± 8.2 0 ± 0 - -
Z → µµ - - 76.4 ± 4.2 0.39 ± 0.25 109122 ± 230 632.6 ± 10.6
Z → ττ 230.4 ± 7.1 0 ± 0 884 ± 14.5 0 ± 0 998 ± 27.2 30.8 ± 2.4

tt̄ 26.7 ± 0.7 0.75 ± 0.1 62.6 ± 1.1 2.4 ± 0.2 44.8 ± 0.6 25.1 ± 0.4
W + jets 16.6 ± 2.7 1.5 ± 1.0 60.5 ± 5.3 3.0 ± 1.1 97.9 ± 9.8 66.7 ± 9.7

WW 37.5 ± 1.0 7.4 ± 0.4 97.8 ± 1.7 14.6 ± 0.6 78.0 ± 0.4 46.2 ± 0.4
WZ 35.6 ± 1.4 0.07 ± 0.05 6.9 ± 0.6 0.66 ± 0.18 36.5 ± 1.0 8.72 ± 0.6
ZZ 26.7 ± 0.7 0.14 ± 0.05 1.78 ± 0.2 0.02 ± 0.02 41.2 ± 0.8 7.19 ± 0.3

Multijet 147 ± 280 0.04 ± 0.7 108 ± 130 0 ± 0.5 263 ± 92.5 14.5 ± 2.1
Signal (mH = 160 GeV) 1.34 ± 0.03 0.82 ± 0.02 3.58 ± 0.05 1.76 ± 0.04 3.52 ± 0.08 2.08 ± 0.03

Total Background 49306 ± 306 10.7 ± 1.7 ± 1.7 1436 ± 138 21.1 ± 1.3 ± 3.4 110681 ± 231 831.8 ± 29 ± 34
Data 50593 10.0 1424 18 109918 839

TABLE IV: Expected and observed number of events in each channel after pre-selection and final selections (the NN input
stage). Statistical uncertainties in the expected yields are shown for all backgrounds, and the systematic uncertainty is also
shown as the second value for the total background.

V. MULTIVARIATE DISCRIMINANTS

To improve the separation of signal from backgrounds, an artificial neural network (NN) is used in each of the three
di-lepton channels. The NN’s were trained using approximately half of the background and signal events, the rest
being used to test the networks’ performance and to compare with data. A separate NN is trained for each Higgs
boson mass tested. In the µµ channel, a weighted sum of all backgrounds was used during training. For the ee and
eµ channels the NN was trained only against the main W + jets and WW backgrounds.

A list of input variables has been derived based on the separation power of the various distributions, for each
of the three channels. Those variables can be divided into three classes, object kinematics, event kinematics and
angular variables. One of the input variables is a discriminant constructed using the Matrix Element (ME) method.
Leading-order parton states for either signal (H → WW ) or WW background are integrated over, with each state
weighted according to its probability to produce the observed measurement. A Data to MC comparison of the ME
discriminant in the ee channel at pre-selection level and after final selections can be found in Figure 5. The NN input
variables for the ee and eµ channel are listed in Table V and those for the µµ channel in Table VI. The NN output
for mH = 160 GeV is displayed in Figures 6, 7, and 8 for the ee, eµ, and µµ channels, respectively.
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FIG. 1: Distributions at pre-selection of: ee mass (top left), E/
T

(top right), E/ Scaled
T

(middle left), Mmin
T (middle right),

P

pT

(bottom left), HT (bottom right), for data (points with error bars), background simulation (histograms, complemented with
the QCD expectation) and signal expectation times 10 for mH = 160 GeV (solid line).



7

 [GeV]invM
0 20 40 60 80 100 120 140 160 180 200

ev
en

ts

-110

1

10

210

 [GeV]invM
0 20 40 60 80 100 120 140 160 180 200

ev
en

ts

-110

1

10

210

data

 10× WW→ 160H

Z + jets

Diboson

γW + jets/

QCD

ttbarincl

eµ

L=1.2fb−1

DØ Run II
Preliminary

[GeV]T
missE

0 20 40 60 80 100 120 140 160 180 200

ev
en

ts

-110

1

10

210

[GeV]T
missE

0 20 40 60 80 100 120 140 160 180 200

ev
en

ts

-110

1

10

210

data

 10× WW→ 160H

Z + jets

Diboson

γW + jets/

QCD

ttbarincl

eµ

L=1.2fb−1

DØ Run II
Preliminary

FIG. 2: Distribution of the invariant mass Me±µ∓ (left) and E/
T

(right) at pre-selection for the eµ channel.

M(Lepton1, Lepton2) [GeV]
20 40 60 80 100 120 140 160 180 200

E
ve

nt
s

-210

-110

1

10

210

310

410

510

20 40 60 80 100 120 140 160 180 200
-210

-110

1

10

210

310

410

510
Data

-l+ l→*γZ/

WW/WZ/ZZ

ν l→W

Multijet

=170)
t

 (Mtt

=160)
H

H (Mq q→q H, q→gg

DØ Run II Preliminary L = 1.2 fb-1

µ+µ−

 [GeV]
T

Missing E
0 20 40 60 80 100 120 140

E
ve

nt
s

-210

-110

1

10

210

310

410

510

0 20 40 60 80 100 120 140
-210

-110

1

10

210

310

410

510
Data

-l+ l→*γZ/

WW/WZ/ZZ

ν l→W

Multijet

=170)
t

 (Mtt

=160)
H

H (Mq q→q H, q→gg

DØ Run II Preliminary L = 1.2 fb-1

µ+µ−

FIG. 3: Distribution of the invariant mass Mµ+µ− (left) and E/
T

(right) at pre-selection for the µµ channel.

(e,e)φ∆
0 0.5 1 1.5 2 2.5 3 3.5 4

en
tri

es

-110

1

10

210

310

410

510

(e,e)φ∆
0 0.5 1 1.5 2 2.5 3 3.5 4

en
tri

es

-110

1

10

210

310

410

510 data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary

(e,e)φ∆
0 0.5 1 1.5 2 2.5 3 3.5 4

en
tri

es

-110

1

10

210

310

(e,e)φ∆
0 0.5 1 1.5 2 2.5 3 3.5 4

en
tri

es

-110

1

10

210

310
data

 10× WW→ 160H

 e e→Z 

Diboson

γW+jets/

QCD

ttbar

e+e−
L=1.2fb−1

DØ Run II
Preliminary
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ee / eµ NN Analysis Variables
pT of leading lepton pT (`1)
pT of trailing lepton pT (`2)
Sum of the transverse momenta of the leptons: pT (`1) + pT (`2)
Invariant mass of both leptons Minv(`1, `2)
Minimal transverse mass of one lepton and E/

T
Mmin

T

Missing transverse energy E/ T

Azimuthal angle between selected leptons ∆φ(`1, `2)
Solid angle between selected leptons Θφ(`1, `2)
∆R between selected leptons ∆R(`1, `2)
Azimuthal angle between leading lepton and E/

T
∆φ(E/

T
, `1)

Azimuthal angle between trailing lepton and E/ T ∆φ(E/ T , `2)
Matrix Element Discriminant MEdisc (not used for eµ)

TABLE V: Input variables for the NN in the ee and eµ channels.

µµ NN Analysis Variables

Scaled E/
T

E/ Scaled
T

Invariant mass of the two muons Mµµ

Missing ET E/
T

Sum of the pT’s of all 0.5 cone jets with pT> 6 GeV Hall
T

H → WW vs. WW ME discriminant MEdisc

pT of the µµ system pT (µ1 + µ2)
Smaller of the two muon-E/

T
transverse masses Mmin

T

pT of the leading pT muon pT (µ1)
Azimuthal angle between the E/ T and the second-leading pT muon ∆φ(µ2, E/ T )
log10 of the sum of the muon scaled (track+cal) isolations log10(scalediso µ1 + µ2)
Event scalar ET SET

Azimuthal angle between the two muons ∆φ(µ1, µ2)

Worst of the two muon qualities (loose,medium,tight) min(µqual
1 , µqual

2 )
Azimuthal angle between the E/

T
and the leading pT muon ∆φ(µ1, E/ T

)
pT of the second-leading pT muon pT (µ2)

TABLE VI: Input variables for the NN in the µµ channels.
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FIG. 6: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the ee channel.
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FIG. 7: Distribution of the NN output at pre-selection (left) and after the final selection (right) in the eµ channel.

VI. RESULTS AND SUMMARY

The estimates for the expected number of background and signal events depend on numerous factors that each
introduce a systematic uncertainty: lepton reconstruction efficiencies (8-13%), trigger efficiencies (5%), jet energy
scale calibration (1%), lepton momentum calibration (11%), PDF uncertainties (< 4%), theoretical cross section
(di-boson 7%, tt̄ 16%), and modeling of multijet background (30%). The systematic uncertainty on the luminosity
is mainly a combination of the PDF uncertainty, uncertainty for the NNLO Z cross section (4%) and data/MC
normalization factors (2%). The total uncertainty on the background level is approximately 16% and for the signal
efficiency is 10%. The effects of these uncertainties on the NN output distribution shapes were also studied and
included as additional systematic uncertainties. Further NN output shape uncertainties were included based on the
agreement of NN input variables between data and MC at pre-selection and the difference in WW pT between Pythia
and Sherpa [19].

After all selection cuts, the NN output distributions of data agree within uncertainties with the expected back-
grounds. Thus the NN output distributions are used to set limits on the production cross section times branching
ratio σ × BR(H → WW (∗)). We calculate limits for each channel and all three channels combined, using the CLs
method with a log-likelihood ratio (LLR) test statistic [20]. To minimize the degrading effects of systematics on the
search sensitivity, the individual background contributions are fitted to the data observation by maximizing a profile
likelihood function for each hypothesis [21]. Table VII presents expected and observed upper limits at 95% CL for
σ × BR(H → WW (∗)) relative to that expected in the SM, for each of the three final states, all three combined, the
Run IIa data alone, and these Run IIb analyses combined with Run IIa, for each Higgs boson mass considered.
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FIG. 8: Distribution of the ME discriminant (left) and the NN output (right) after the final selection in the µµ channel. Values
of MEdisc < 0 correspond to events which were found to have very small probability for either signal or WW background.

TABLE VII: Expected and observed upper limits at 95% CL for σ × BR(H → WW (∗)) relative to the SM for e+e−, eµ, and
µ+µ− final states in Run IIb, their combination, the Run IIa combined analyses, and finally Run IIa and Run IIb analyses
combined, for different Higgs boson masses (mH).

mH= 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190 195 200

eµ (exp.) 91.17 43.62 31.55 21.55 17.40 14.81 13.33 9.22 7.33 5.11 5.19 5.99 7.07 7.72 10.93 13.03 14.76 16.47
eµ (obs.) 103.99 41.02 29.39 23.58 15.64 15.31 13.20 8.10 7.17 3.84 5.32 5.16 7.35 8.37 10.19 12.21 15.73 14.60

ee (exp.) 194.50 70.72 54.72 28.50 31.17 20.14 16.51 15.43 12.65 8.20 8.67 10.03 11.08 12.72 16.09 20.78 26.40 32.36
ee (obs.) 172.61 109.91 70.77 41.14 42.30 30.42 17.54 18.78 12.90 12.85 12.39 14.24 18.57 17.97 21.16 25.71 23.45 33.17

µµ (exp.) 56.06 33.80 24.21 20.56 14.75 13.71 11.79 10.74 8.89 7.63 6.80 8.70 9.30 10.53 13.15 17.24 19.54 27.05
µµ (obs.) 92.73 66.22 45.41 20.75 18.54 15.65 12.10 11.80 7.53 7.48 6.53 7.39 7.83 8.77 9.54 12.00 14.45 26.45

All (exp.) 48.08 23.53 18.33 12.65 11.00 8.76 7.70 6.36 4.99 3.54 3.46 4.32 4.75 5.40 7.10 9.18 10.51 13.52
All (obs.) 72.37 44.3 30.26 15.96 13.49 12.28 8.01 6.85 4.51 3.53 4.20 3.88 5.75 5.80 6.38 7.64 8.37 11.97

Run IIa (exp.) - 25.73 17.31 12.37 9.77 8.47 6.47 5.23 4.27 3.40 3.77 4.15 4.66 5.15 6.27 7.51 9.34 10.65
Run IIa (obs.) - 49.62 29.60 21.78 16.10 11.66 6.92 5.17 4.63 2.97 3.46 4.18 4.23 5.40 5.31 5.46 11.88 8.19

Run II (exp.) 48.08 16.85 12.75 8.82 7.46 6.01 4.98 4.08 3.17 2.39 2.42 2.90 3.22 3.63 4.64 5.78 6.90 8.68
Run II (obs.) 72.37 40.77 26.10 15.66 12.29 9.88 5.47 4.31 3.21 2.12 2.65 2.59 3.51 3.93 3.84 4.21 7.07 6.54

Figure 9 shows the expected and observed limits for σ × BR(H → WW (∗)) relative to the SM for the different
Higgs boson masses and the LLR distribution for the 1.2 fb−1 of Run IIb data. Figure 10 shows the same, but after
combining with the Run IIa analyses, thus for the full Run II dataset of 2.3 fb−1. So far, no region of the SM Higgs
mass range can be excluded, and no significant excess is observed.
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